Abstract. The carob moth, Ectomyelois ceratoniae (Lepidoptera: Pyralidae), is a serious pest and causes a considerable loss of yield of pomegranate in Iran. Apanteles myeloenta (Hymenoptera: Braconidae) is the dominant parasitoid of this pest parasitizing it more than 30% in recent years. This parasitoid is a candidate for augmentative biological control program to reduce the level of the infestation of fruit overwinter. The objective of this research was to optimize the mass production of A. myeloenta. The mean developmental time of females was 28 days and of males 27 days. Pupal development lasted 7 days. The second instar was the preferred host and most heavily parasitized (45%). Wasps that started their development in second instar hosts produced the highest progeny and those that started in third instar hosts survived as adults for longest. The sex ratio (females to males) of A. myeloenta that emerged from carob moth larvae parasitized in the first instar was 1 : 3.5, in the second instar 1 : 3 and in the third instar 1 : 2. The influence of different host ages on the functional response of A. myeloenta to host density was assessed. Logistic regression indicated a type II functional response to different densities of all the stages of the host tested.
INTRODUCTION
The carob moth, Ectomyelois ceratoniae (Lepidoptera: Pyralidae), is of Mediterranean origin, but a cosmopolitan pest of pomegranate, pistachio, citrus, date, macadamia and fig crops (Gothilf, 1969 (Gothilf, , 1978 Alrubeai, 1987; Warner et al., 1990; Shakeri, 1993; Bouka et al., 2000; Mehrnejad, 2002; Nay & Perring, 2005; Blumberg, 2008) . Recently, it was recognized as the most economically damaging pest of pomegranate in Iran, where up to 80% of the fruit is damaged by this pest and is unmarketable (Shakeri, 2004) , and the most economically damaging pest of the high value U.S. date industry, causing 10-40% loss of yield annually (Warner, 1988; Nay et al., 2006) .
Several parasitoids are known to parasitize the carob moth in the Middle East. Eleven species of parasitoids are known to parasitize carob moth larva infesting pomegranate (Kishani Farahani et al., 2011) and 22 species parasitize this pest when infesting carob (Gothilf, 1969) . Apanteles myeloenta is one of the most important larval parasitoids of larvae of this pest infesting carob and pomegranate (Gothilf, 1969; Kishani Farahani et al., 2011) . This parasitoid reduces the annual loss of yield of pomegranate caused by the carob moth by more than 30% (Kishani Farahani et al., 2011) . According to Kishani Farahani et al. (2012a) A. myeloenta is a solitary, koinobiont (parasitoids whose larvae utilize a growing host), synovigenic (they emerge with some immature eggs and need to feed, to sustain egg production) endoparasitoid of the early instars of the carob moth. When their numbers are boosted by augmentative releases (Jervis et al., 2008; Kishani Farahani et al., 2012 a) it can cause a substantial decrease in the overwintering population of carob moth larvae.
For the immature development of the parasitoid the host is the sole source of nutrients. The evaluation of host quality by female parasitoids is important in host selection, resulting in trade-offs due to variation in host quality and developmental requirements of its offspring (Godfray, 1994; Harvey & Strand, 2002; Beckage & Gelman, 2004 ). The quality of the different stages of the host may differ, so tradeoffs play a key role in host selection (Godfray, 1994; Colinet et al., 2005) . These hosts differ in age, body size, behavioral, physiological and immunological status, and thus represent resources of varying qualities and quantities (Chong & Oetting, 2006) . Many studies suggest that host size and age preference by parasitoids affect the adult size and reproductive performance of their progeny (Lampson et al., 1996; Harvey, 2005) and female egg load at emergence (Liu, 1985; Mills & Kuhlmann, 2000) . Host age may also affect sex allocation, percentage parasitism and developmental time of immature parasitoids (Godfray, 1994) .
In order to mass rear biological agents for biological control programs it is important to determine the preferred host instar for optimum parasitoid offspring production, a short immature developmental time and an appropriate killing activity and efficiency. Therefore, this study investigated the effects of host age on immature developmental time, offspring sex ratio, percentage parasitism, fecundity, adult longevity and the functional response of A. myeloenta. The intention is to use this information to determine the optimal conditions for mass rearing of this parasitoid.
MATERIAL AND METHODS

Insect rearing
Insects were originally collected from the Qom, Ghal-e-Cham region (34°23´31.9˝N, 50°36´26.1˝E), Iran. An experimental colony of E. ceratoniae was established on pistachio at 28 ± 1°C, 75 ± 10% R.H. and a photoperiod of 16L : 8D. Fifty to 100 one day old E. ceratoniae adult moths were released in a large net covered metal cage (180 × 30 × 30 cm) (length : wide : depth) for mating (3 days) and ovarian maturation and fed undiluted honey provided in the form of droplets on wax-coated strips of paper, which were replaced daily. Mated females were transferred into small cylindrical net covered plastic cages (15 × 10 × 15 cm) and allowed to oviposit on pistachio as described by Ziaaddini et al. (2010) . Larvae develop well on pistachio, and this method is commonly used in Iran for the long term culturing of this insect in the laboratory.
To maintain the parasitoid stock culture, 30 mated female wasps were provided with about 900 second instar carob moth larvae for one day and then females were transferred to 250 ml glass beakers, as egg laying units. Parasitized host larvae were reared on pistachio powder until the parasitoids emerged after which the wasps were released in and allowed to mate in a net covered plastic cage. Adult parasitoids were fed on undiluted honey, which was provided in the form of droplets on waxcoated strips of paper. All wasps were maintained and tested under laboratory conditions of 25 ± 1°C, 50 ± 10% R.H. and a photoperiod of 16L : 8D. The adults of A. myeloenta used in the experiments were from a laboratory culture that was more than 10 generations old.
Percentage parasitism
Thirty E. ceratoniae larvae of each host instar, (first, second and third) were exposed to a mated but naïve (never encountered a suitable host before) one-day-old female parasitoid in a cage (10 × 15 × 10 cm) (Kishani Farahani et al., 2012 b) . After 24 h exposure, the larvae were removed and reared individually on pistachio. This experiment was replicated 24 times. The number of parasitoids that emerged from the parasitized hosts was recorded in each treatment. Percentage of parasitism was calculated based on the number of wasps that emerged in each tube. Host instars were identified based on the width of the larval head capsule.
Sex ratio
Thirty carob moth larvae of the first, second and third instars were exposed to a mated but naïve one-day-old female for 24 h in a cage (10 × 15 × 10 cm). After removing the parasitoid, each group of larvae was reared separately on pistachio nuts and checked daily for parasitoid emergence and the number of males and females was recorded. This experiment was replicated 30 times using naïve one day old mated females.
Immature developmental time
Thirty E. ceratoniae larvae of each instar (first, second and third) were exposed to a one-day-old mated, naïve female for 24 h in each replicate. After this period larvae were removed and reared individually on pistachio. The duration of larval and pupal development were recorded. This experiment was replicated 30 times.
Functional response
In order to determine the functional response of A. myeloenta to various host densities, individual wasps were exposed to 13 density levels (2, 4, 6, 8, 10, 15, 20, 25, 30, 35, 40, 45 and 50) of E. ceratoniae larvae of each instar. For each host density, larvae were placed in a glass tube (diameter: 7 cm, height: 20 cm) and provided with pistachio. A single, 1-d-old mated, naive female wasp was introduced into each glass tube and provided with streaks of 20% honey solution. Twenty five replicates for larval density levels of 2, 4, 6, 8, 10, 15, 20 and twenty replicates for other densities were used. The glass tubes were kept in controlled growth chambers at 25 ± 1°C, 50 ± 10% R.H. and a photoperiod of 16L : 8D. After 24 h, the wasps were removed from the glass tubes. Percentage of parasitism was calculated based on the number of wasps that emerged in each tube. Greater replication of the lowest host densities was needed to obtain a more accurate description of the initial part of functional response curve.
Parasitoid fecundity
To study the effects of immature developmental quality on the fecundity of the adult parasitoids they were kept in thirty cages under the same rearing condition as described above. Each cage contained one pair of newly emerged male and female wasps which had been reared on a particular host stage and provided daily with droplets of honey and water (provided separately). In each cage 30 host larvae (second instar) were exposed to the females. The host larvae were replaced daily by the same number and instar of larvae until the female died. The number of adult parasitoids that emerged from the parasitized hosts was recorded.
Adult longevity
Adult longevity of mated female parasitoids in the presence of hosts was assessed. Thirty wasp cocoons were randomly selected from the insect colonies and placed in an oviposition cage. The cage was checked once a day for adults that had emerged during the previous 24-h period and all non-emerged pupae were removed to provide a uniform emergence date for the test insects. Males and females were kept together for 24 h to ensure mating occurred. Mated females in the oviposition cage were provided with honey and water. Thereafter the number of live A. myeloenta females was recorded daily. Thirty wasps were randomly assigned to each treatment.
Statistical analysis
The normality in the distributions of the variation in the data on A. myeloenta immature developmental time, adult longevity, fecundity and host age preference were tested using the Kolmogorov-Smirnov test. As it was normally distributed, no transformation was needed and the data are presented as means (± SEM) per treatment. Treatment effects were analyzed using analysis of variance (ANOVA), with treatment means separated using Tukey's HSD test at P < 0.05. Data analysis for functional responses includes two steps (Juliano, 2001 ). The first step in analyzing the data is to determine whether the functional response is type II or type III. The most effective way to distinguish type II and III functional responses involves logistic regression of proportion of parasitized hosts versus number of hosts exposed to parasitization (Juliano, 2001) .
The following polynomial function (1) was fitted to the data (Juliano, 2001 ).
(1)
where P0, P1, P2 and P3 are parameters to be estimated, Na is the number of parasitized larvae and N0 is the initial host density. These parameters were estimated using the CATMOD procedure in SAS software (SAS Institute, 2003) . The sign of P1 and P2 can be used to distinguish the shape of curves. A positive linear parameter (P1) and a negative quadratic parameter (P2) indicate that the functional response is type III, whereas if both parameters are negative, the functional response is type II (Juli-ano, 2001; Allahyari et al., 2004) . After determining the type of functional response, the parameters handling time (Th) and attack constant (a) were estimated. For this purpose we used nonlinear least square regression (NLIN procedure with DUD method in SAS). At first, the random parasite equation (2) was used to fit the data:
where a is the attack constant (or instantaneous searching rate), Tt the time of exposure, and Th the handling time.
RESULTS
The immature development time of female wasps was 30.2 ± 0.34, 27.8 ± 0.44 and 28.1 ± 0.47 days in L1, L2 and L3 hosts, respectively, whilst males required 31.1 ± 0.51 d, 27.3 ± 0.3 d and 28.1 ± 0.24 days. Developmental time (from egg to pupa and pupal duration) of A. myeloenta differed significantly in the different larval instars of the host (P < 0.0001, F2, 87 = 15.49) ( Table 1) .
Offspring sex ratio of A. myeloenta that emerged from first, second, and third instar old carob moth larvae, was 1 : 3.5 (females : males), 1 : 3 and 1 : 2, respectively. These results indicate that proportionally fewer males emerged from the older host larvae. The total numbers of adults that emerged from first, second and third instar larvae of the host was 153, 526 and 378, respectively.
Our results indicate that significantly different percentages of the three different host instars were parasitized (P < 0.0001, F2, 87 = 3724.24) ( Table 1) . Of the host larvae the second instar was the most heavily parasitized (45.1 ± 0.3%).
There were significant differences in the fecundity of three groups of adults studied (P < 0.0001, F2, 87 = 28.87). The lowest fecundity was recorded for wasps reared on first instar larvae (Table 1 ). The mean daily fecundity was 5.54, 5.32 and 5.03 eggs for wasps reared on first, second and third instar host larvae, respectively.
Adult wasps reared on different host instars differed significantly in longevity (P < 0.0001, F2, 87 = 61.08). The wasps that lived longest developed in third instar larvae of the host (Table 1) .
Results of the logistic regression analysis revealed that the number of E. ceratoniae larvae parasitized by A. myeloenta was a function of host density and indicated a type II functional response (Fig. 1) . In all cases, the linear term of the polynomial regression of the percentage of carob moth larvae parasitized versus initial density was negative (Table 2) . Handling times (Th) and attack rates (a) of A. myeloenta on different host instars are given in Table 3 . The maximum percentage of hosts parasitized is limited by an upper asymptote defined by the ratio T/Th (Hassell, 1978) . Our results indicate that the maximum percentage of first, second and third instar hosts parasitized by A. myeloenta was 47.9%, 42.7% and 41.5%, respectively.
DISCUSSION
The results presented indicate that the bionomics of A. myeloenta are affected by the age of the host when parasi-
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*Indicate significant differences (P = 0.05) following post hoc separation of means using Tukey tests. tized. In addition, the results indicate that this parasitoid preferred to oviposit in second and third instar larvae of the host, which results in larger offspring being produced in a shorter time. For A. myeloenta, the quality and amount of food available for its offspring is dependent on the age of the host parasitized. The adults that developed in older hosts took less time to complete their development, were more fecund and survived for longer.
As our results reveal the developmental time of this parasitoid was longer in small than in large hosts. Both females and males took more time to complete their immature development in small hosts. According to Harvey et al. (2000) development time of A. carpatus is much longer in small than large hosts and there is a lag phase in their development when in small hosts. In early instars of its host, the larval development of A. myeloenta is delayed. The host larva provides the nutrients for parasitoid development (Smilowitz & Iwantsch, 1973; Hebert & Cloutier, 1990; Harvey & Strand, 2002; Harvey et al., 2004) . Therefore, the developmental strategy adopted by the larvae of this parasitoid developing in nutritionally suboptimal small or early instar hosts is to optimize the trade-off between development time and size. This suggests that there is a critical host body size (or age) that must be attained for the successful completion of the development of the parasitoid.
Our results indicate that age of carob moth larvae is a critical factor affecting the sex ratio of the offspring of A. myeloenta. There is a correlation between the sex ratio of species of solitary koinobiont parasitoids and the sizes of their hosts (Charnov et al., 1981; King, 1993; Sequeira & Mackauer, 1993; Ueno & Tanaka, 1997; Ode & Heinz, 2002) . The general trend is that proportionally more female wasps emerge from large than small hosts. Host age is another factor that significantly affects the parasitoid sex ratio (King, 1987; Godfray, 1994) . The sex ratio of parasitoid wasps is commonly affected by the amount of food available for their developing larvae (Charnov et al., 1981; King, 1993; Ueno & Tanaka, 1997) . Large carob moth larvae provide more resources for A. myeloenta larvae and thus more female offspring emerge from large hosts.
According to our results, second instar host larvae were the most frequently parasitized. Al-Maliky & Al-Izzi (1986) state that 2-3 day old carob moth larvae are the preferred host and the most suitable for rearing an unidentified Apanteles species are 7 day-old larvae. Large hosts appear to be better hosts for parasitoids so the expectation is that parasitoids should prefer to parasitize large hosts but large larvae can actively defend themselves against attacks from parasitoids by shaking their body and are not therefore, easy to parasitize. Other characteristics such as physiological immunity may also determine whether the parasitoid can complete its development. So in order to optimize oviposition success parasitoids prefer to oviposit in hosts of a specific size (Drost et al., 2000 According to our results the fecundity of A. myeloenta is dependent of the age of the host. Lopez et al. (2009) state that host body size influenced the life expectancy of Diachasmimorpha longicaudata (Hymenoptera: Braconidae) as starved females and males of this species that emerged from large hosts lived longest. Host body size also affected gross and net fecundity of this parasitoid as the females that emerged from medium and large host larvae were the most fecund. The oviposition period was not affected by the body size of females, but body size did affect fecundity, with the medium and large females were more fecund than small females. According to our results female fecundity was affected by host age as the most fecund wasps emerged from third instar host larvae, which are bigger than those of the other two other instars. In female parasitoids, fecundity is often correlated with its body size and quality of the food available to the parasitoid during its development (King, 1989; Jervis et al., 2008) . This relationship is particularly marked in proovigenic species, where the maximum number of eggs an individual female can lay is dependent on their nutrient reserves, which are obtained by the larvae (Ueno, 1999) . In synovigenic species, egg production is also dependent on the amount of food available for adult females (Jervis & Kidd, 1986; Heimpel & Collier, 1996) and therefore, in this case body size is not always a good indicator of female fecundity (Ueno, 1999) . However, several studies also show that there is a positive correlation between body size and female fecundity in synovigenic parasitoids (Godfray, 1994) .
The A. myeloenta adults that developed in large hosts lived the longest. Several studies report a relationship between host size and parasitoid survival (Tillman & Cate, 1993; Jervis & Copland, 1996; Sagarra et al., 2001 ). In parasitoids, as well as other insects, large adult body size is often related with increased resource carry-over from the larval stage, and this is manifested in higher energy reserves (Riviero & West, 2002; Ellers & Jervis, 2003) . Our results also indicate that host age affects adult survival because large hosts provide more resources for the larval stages of the parasitoid.
A type II functional response is frequently reported in insects (Hassel et al., 1977; Begon et al., 1996) . In more than three-quarters of the studies a type II and in less than one-fifth a type III functional response is recorded for insect parasitoids (Fernandez-Arhex & Corley, 2003) . According to Matadha et al. (2005) host age can affect the type and parameters of functional responses. Bellows (1985) states that search rates and handling times are also dependent on the instars of the host available for attack in the case of Lariophagus distinguendus Förster (Hymenoptera: Pteromalidae) and the search rates are higher and handling times lower for large instar hosts. In our study, attack rate and handling time of third instar hosts were lower than for younger instars but the attack rate was similar for second and first instar hosts but lower for first than second instar hosts. Godfray (1994) suggests that large hosts are more able to defend themselves. This may be due to the frequent kicking and shaking by large hosts.
The thicker cuticle of large hosts probably makes it harder for parasitoids to insert their ovipositors and oviposit, which may result in a longer handling time.
CONCLUSION
As our results revealed that rearing A. myeloenta on second and third instar hosts can result in the production of more female offspring, higher percentage parasitism and short immature developmental time. This indicates that if the objective is to maximize the production parasitoids they should be reared on large hosts. The results obtained further our understanding of the parasitoid-host interaction. This information will be used to optimize laboratory-rearing procedures for A. myeloenta and improve augmentation programs using this parasitoid by refining decisions about releases in order to achieve higher levels of parasitism. However, studies are now required at the field scale of the effectiveness of parasitoids that have emerged from hosts of different ages.
